The leading patterns of large-scale climate variability in the Southern Hemisphere are examined in the context of extratropical kinetic energy. It is argued that variability in the Southern Hemisphere extratropical flow can be viewed in the context of two distinct and largely independent structures, both of which exhibit a high degree of annularity: 1) a barotropic structure that dominates the variance in the zonal-mean kinetic energy; and 2) a baroclinic structure that dominates the variance in the eddykinetic energy. The former structure corresponds to the Southern annular mode and has been extensively examined in the literature. The latter structure emerges as the leading principal component (PC) time series of eddy-kinetic energy and has received seemingly little attention in previous work.
Abstract.
The leading patterns of large-scale climate variability in the Southern Hemisphere are examined in the context of extratropical kinetic energy. It is argued that variability in the Southern Hemisphere extratropical flow can be viewed in the context of two distinct and largely independent structures, both of which exhibit a high degree of annularity: 1) a barotropic structure that dominates the variance in the zonal-mean kinetic energy; and 2) a baroclinic structure that dominates the variance in the eddykinetic energy. The former structure corresponds to the Southern annular mode and has been extensively examined in the literature. The latter structure emerges as the leading principal component (PC) time series of eddy-kinetic energy and has received seemingly little attention in previous work.
The two structures play very different roles in cycling energy through the extratropical troposphere. The SAM is associated primarily with variability in the meridional propagation of wave activity, has a surprisingly weak signature in the eddy fluxes of heat, and can be modeled as Gaussian red noise with an e-folding timescale of ~10 days. The baroclinic annular structure is associated primarily with variations in the amplitude of vertically propagating waves, has a very weak signature in the wave fluxes of momentum, and exhibits marked quasi-periodicity on timescales of ~25-30 days.
Implications for large-scale climate variability are discussed.
Introduction
Large-scale patterns of extratropical climate variability are typically identified through either 1) correlation analyses between geographically separated points in the zonally varying circulation, i.e., so-called "teleconnectivity" and/or 2) empirical orthogonal function (EOF) analysis. In both cases, the statistical analyses generally focus on the geopotential height, temperature and/or zonal wind fields. The purpose of this study is to investigate large-scale patterns of climate variability not from the perspective of the variance in the zonal wind or geopotential height fields per se, but rather from the perspective of the cycling of energy in the extratropical atmosphere.
The extratropical atmospheric energy cycle can be viewed in the context of reservoirs of zonal-mean and eddy available potential and kinetic energies, and the exchanges between these reservoirs ( Figure 1 ; Lorenz 1955; Vallis 2006) . The zonal-mean available potential energy (APE) derives primarily from the meridional gradient in solar heating.
The mean APE is converted to eddy APE through the meridional wave fluxes of heat (CP in Figure 1 ), and the eddy APE is converted to eddy kinetic energy through the vertical wave fluxes of heat (CE in Figure 1 ). In practice, the conversions given by CP and CE occur roughly simultaneously as warm air moves upward and poleward (and cool air moves downward and equatorward) within wave motions. The conversions between eddy and zonal-mean kinetic energy occur through the eddy fluxes of momentum (CK in Figure 1 ). The Ferrel Cell plays a relatively small role in cycling zonal-mean kinetic energy to zonal-mean available potential energy (CZ in Figure 1) ).
Week-to-week variability in the cycling of energy in the midlatitude troposphere is due in large part to variations in the extratropical stormtracks and their associated fluxes of heat and momentum. This is particularly true in the Southern Hemisphere where the planetary wave amplitudes are relatively weak. Baroclinic waves play a crucial role in cycling eddy potential to eddy kinetic energy (CP and CE) during their growth stage, and eddy to zonal-mean kinetic energy (CZ) during their decay stage (e.g., Simmons and Hoskins 1978; Vallis 2006) . Patterns of large-scale variability in the stormtracks are associated with variations in both the wave fluxes of heat and the eddy kinetic energy (e.g., Lau 1988; Wettstein and Wallace 2010) . Patterns of large-scale variability in the midlatitude jet have been linked to fluctuations in many of the major reservoirs and conversion terms in the extratropical energy cycle, including the zonal and eddy kinetic energy (e.g., Hartmann and Lo 1998) and the wave fluxes of both heat and momentum (e.g., Karoly 1990; Feldstein and Lee 1998; Hartmann and Lo 1998; Limpasuvan and Hartmann 2000) .
In this study, we examine hemispheric-scale variability in the extratropical Southern Hemisphere (SH) from the perspective of atmospheric kinetic energy, and the cycling of potential and kinetic energy by the extratropical wave fluxes of heat and momentum.
The Northern Hemisphere will be considered in a companion study. The central argument is that large-scale variability in the SH extratropical flow can be viewed in the context of two unique structures, both of which exhibit a high degree of annularity: 1) a barotropic annular structure that dominates the variance of the zonal-mean kinetic energy and the eddy fluxes of momentum; and 2) a baroclinic annular structure that dominates the variance in the eddy kinetic energy and the eddy fluxes of heat. The barotropic annular structure corresponds to the Southern annular mode (SAM) and has been examined extensively in previous literature. The baroclinic annular structure plays a similarly important role in cycling energy through the extratropical atmosphere, but has received seemingly little attention in previous work. Section 2 reviews the data and methods. Section 3 compares and contrasts the leading patterns of variability in SH extratropical zonal-mean and eddy kinetic energy. Key aspects of the results are discussed in Section 4. Conclusions are given in Section 5.
Data and methods
All results are based on the European Centre for Medium-Range Weather Forecasts The leading patterns of variability in various fields are identified through empirical orthogonal function (EOF)/principal component (PC) analysis of anomalous daily-mean data. The leading PC of zonal-mean kinetic energy is defined as the leading PC of anomalous daily-mean [u] 2 /2; the leading PC of zonal-mean eddy kinetic energy is defined as the leading PC of anomalous daily-mean [u* 2 +v* 2 ]/2; the Southern annular mode is defined as the leading PC of the anomalous daily-mean zonal-mean zonal wind, [u] . In all cases, the PCs are computed over all levels and latitudes within the domain 1000-200 hPa and 20-70° S. The data are weighted by the square root of the cosine of latitude and the mass represented by each vertical level in the ERA-Interim before calculating the PC time series.
The leading patterns of variability in Southern Hemisphere kinetic energy
In this section, we will compare and contrast two patterns of variability that play very different roles in cycling energy in the SH extratropical circulation: The leading modes of variability in the SH zonal-mean and eddy kinetic energy. We begin our discussion with a review of the former.
The leading pattern of variability in SH zonal-mean kinetic energy (the SAM)
The leading PC time series of 1) the daily-mean, zonal-mean kinetic energy and 2) the daily-mean, zonal-mean zonal wind are correlated at a level of r=0.98 (Table 1; Figure 2a shows the dailymean regression coefficients as a function of latitude and pressure. Figure 3a shows the regression coefficients at the 300 hPa level as a function of lag and latitude. As noted below, the momentum flux anomalies precede the peak in the SAM index by ~1-2 days (Lorenz and Hartmann 2001) . For this reason, the eddy fluxes in Fig. 2a are lagged by -1 day with respect to the SAM index.
As noted in previous work, the positive polarity of the SAM is characterized by: 1) a meridional dipole in the zonal-mean zonal wind with centers of action located ~40° S and 60° S (Figure 2a ; e.g., Kidson 1988; Karoly 1990; Hartmann and Lo 1998; Thompson and Wallace 2000) ; and 2) a monopole in the eddy momentum fluxes centered ~50° S and ~300 hPa (Figure 2a Table 2 ). The leading PC of eddy kinetic energy is to first order linearly independent of the SAM: the correlations with the SAM index are: 1) less than r=0.1 in daily-data for all lags between -30 and 30 days; and 2) r=0.03 in data that have been 30 day low-pass filtered (Table 1) . As noted below, the leading PC of SH eddy kinetic energy exhibits a high degree of annularity but is associated primarily with baroclinic (rather than barotropic) processes. To contrast the leading PC of SH of eddy kinetic energy from the SAM, we will herein refer to it as a SH baroclinic annular mode (BAM). 
Signatures in the zonally-varying circulation
The SAM and BAM both exhibit a high degree of annularity in the zonally-varying Figure 8 shows the ratios in the variance of daily-mean 700 hPa temperatures between high and low index days in the SAM (left) and BAM (right) indices. In general, the positive polarity of the SAM is marked by relatively weak changes in the day-to-day variability of lower tropospheric temperature. In contrast, the positive polarity of BAM is marked by notable increases in temperature variance throughout much of the SH middle latitudes. The peak ratios are found in a zonally elongated band that stretches from the south of Africa to the south of Australia, and are coincident with a region of relatively large near-surface baroclinicity (not shown).
Quasi-periodicity in the baroclinic annular mode
The distinctions between the SAM and BAM also extend to the timescales of their variations. Figure 9a and 9b show the power spectra of the SAM and BAM index time series. The results are found by: 1) Calculating the spectra for subsets of the time series that are 500 days in length. A Hanning window is applied to each subset, and the overlap between adjacent subsets is 250 days. 2) Averaging the power spectra over all subsets and then applying a 3 point running mean to the resulting mean power spectra.
The mean spectrum for each time series has ~140 degrees of freedom per spectral estimate.
The power spectrum of the SAM (Figure 9a ) is red with an e-folding timescale of ~10 days (Hartmann and Lo 1998; Lorenz and Hartmann 2001) . The shape of the spectrum is consistent with the damped response of the zonal-wind field to approximately white noise forcing by the eddy fluxes of momentum (Lorenz and Hartmann 2001) . In contrast, the power spectrum of the BAM (Figure 9b ) is red at frequencies higher than ~1/20 cycles/day (periods shorter than ~20 days), but exhibits a notable drop-off in power at frequencies lower than ~1/30 cycles/day. The power spectrum of BAM is marked by pronounced quasi-periodicity that peaks on a timescale of ~25-30 days.
The quasi-periodicity in the BAM index is extremely robust. It is readily apparent in SH-mean values of the eddy kinetic energy at 300 hPa (Figure 9c ) and the eddy fluxes of heat at 850 (Figure 9d ). It is reproducible in subsets of the data (not shown) and exceeds the 95% confidence level based on tests of: 1) the F-statistic applied to the power spectrum (assuming a red noise fit to the data) and 2) the t-statistic applied to the autocorrelation function (assuming the appropriate number of degrees of freedom). A similar peak in SH eddy kinetic energy was detected in one year of balloon measurements taken during the Eole experiment Keller 1974, 1975) . The results in Figure 9 provide support for a robust peak in SH eddy kinetic energy based on more than 30 years of Reanalysis data.
What physical process might underlie quasi-periodicity in the SH eddy kinetic energy and wave fluxes of heat? The timescale of the peak in the BAM index is reminiscent of that associated with the so-called "index cycle" (e.g., Rossby and Willett 1948; Namias 1950) . In this case, periodicity in the extratropical circulation may arise from the following chain of events: 1) The meridional gradient in solar heating acts to strengthen the extratropical baroclinicity until it is unstable to baroclinic instability; 2) baroclinic instability and its attendant wave fluxes of heat subsequently act to weaken the extratropical baroclinicity and thus stabilize the flow; and 3) the cycle repeats itself on a timescale determined by the time it takes to "recharge" the extratropical baroclinicity through differential solar heating. The notion of index cycle-like variability was largely abandoned in the 1960s due to a lack of evidence of coordinated growth of baroclinic waves over widely separated regions of the Northern Hemisphere (Wallace and Hsu 1985) . The results shown here suggest that index cycle-like behavior may, in fact, be occurring in the SH.
We have conducted preliminary analyses of the two-way linkages between the SH baroclinicity and wave fluxes of heat (not shown). As in the NH (Thompson and Birner 2012) , periods of enhanced baroclinicity in the SH are associated with rapid increases in the poleward eddy fluxes of heat, consistent with the effect of variations in the baroclinicity on the generation of baroclinic waves. Likewise, periods of anomalously poleward eddy heat fluxes are associated with rapid decreases in the extratropical baroclinicity, consistent with the effects of the eddy fluxes of heat on the meridional temperature gradient. However, it remains to be determined whether the timescales and amplitudes of the linkages between the baroclinicity and wave fluxes of heat are sufficiently large to drive the quasi-periodic behavior revealed in Figure 9 . A more detailed analysis of the mechanisms that underlie the periodicity in the SH eddy kinetic energy and wave fluxes of heat is deferred to a future study.
Concluding remarks
Hemispheric-scale variability in SH extratropical kinetic energy is dominated by two largely independent structures: the leading PC of the zonal-mean kinetic energy (the SAM) and the leading PC of the eddy kinetic energy (the BAM). The two structures play markedly different roles in cycling energy through the extratropical circulation. The The SAM is believed to owe its existence to enhanced power at low frequencies due to feedbacks between the momentum flux convergence aloft and the generation of wave activity near Earth's surface (Robinson 2000; Lorenz and Hartmann 2001) . The results shown here suggest that the BAM owes its existence, not to enhanced power at low frequencies, but to enhanced power on a timescale of ~25-30 days. The quasi-periodicity apparent in the BAM index (and thus in the SH eddy kinetic energy and eddy fluxes of heat) is extremely robust, but the mechanisms that underlie the periodicity remain unclear. Preliminary analyses suggest it may derive from interactions between the meridional gradient in solar heating, the extratropical baroclinicity, and the wave fluxes of heat reminiscent of those associated with the so-called "index cycle" (e.g., Rossby and Willett 1948) . Table 2 . Variance explained by the leading PCs of zonal-mean fields indicated. The PCs are calculated for daily-mean versions of the data (the eddy fluxes are calculated at 4 x daily resolution and then averaged to form daily means). All leading PCs are well separated from the second PC as per the criterion outlined in North et al. (1982) .
Variance explained by PC1 (PC2) 34 (19) 39 (27) 42 (22) 47 (22) 29 ( 
